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METHOD AND PROGRAM FOR 
SPACE-EFFICIENT REPRESENTATION OF 

OBJECTS IN A GARBAGE-COLLECTED SYSTEM 

BACKGROUND OF THE INVENTION 

[0001] 
[0002] The present invention relates to a method and 
program for space-e?icient representation of objects, and 
more particularly, a method and program for space-e?icient 
representation of objects in a garbage-collected system. 

[0003] 2. Description of the Related Art 

1. Field of the Invention 

[0004] Embedded devices have long since become the 
most Widely deployed computing platforms in the World, 
and the trend is continuing to accelerate. For such devices, 
including motes, smart cards, cellular phones, and handheld 
organiZers, the ?exibility to dynamically doWnload neW 
functionality is increasingly important. Often the doWn 
loaded softWare is not under the control of the maker of or 
service provider for the device. 

[0005] Therefore, a premium is placed on reliability of the 
doWnloaded codeiWhile consumers are regrettably accus 
tomed to crashes on the part of personal computer operating 
systems, consumers are much less accepting When “neces 
sary” devices like cellular phones cease to function. As a 
result, the Java computing platform is becoming steadily 
more attractive for embedded devices due to its safety 
properties, since arbitrary doWnloaded softWare can not 
compromise the operating system or other applications. A 
key contributor to these safety properties is garbage collec 
tion. 

[0006] While some applications have real-time require 
ments, there are many Which do not. Furthermore, the 
additional complexity, space, and time overheads necessar 
ily associated With real-time collectors are in direct con?ict 
With many of the other requirements imposed by memory 
constrained embedded systems. 

[0007] The requirements on garbage collectors in such 
embedded environments are: 

[0008] Code SiZe: It is imperative that the virtual machine 
consume as little code space as possible. As a result, many 
typical methods for improving collector performance are 
inappropriate because of the resulting complexity and con 
comitant increase in code siZe; 

[0009] Memory Overhead: The overhead due to collector 
meta-data and memory fragmentation should be kept to an 
absolute minimum. As a result, semi-space copying collec 
tors are not an option; 

[0010] Compaction: Since many embedded applications 
tun continuously for extended periods of time, the collector 
must be able to perform memory compaction, both to avoid 
arbitrary space consumption due to fragmentation, and to 
enable the virtual machine to release memory resources to 
the operating system as needed; 

[0011] Reliability: System failure is not acceptable. This 
places a premium on both simplicity and on strong enforce 
ment of invariants Within the collector; 

[0012] Smooth Performance: The likelihood that the 
application Will run in a very constricted memory space is 
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much higher than in PC- or server-based virtual machines. 
Therefore, the collector’s performance should degrade 
gracefully as memory is reduced; and 

[0013] Speed: Within the limits of the preceding require 
ments, the collector should be as fast as possible. Trading a 
small amount of space for a large improvement in time is 
acceptable for some, but not all, applications; 

[0014] HoWever, conventional systems and methods of 
garbage collection in such embedded environments experi 
ence several problems. 

[0015] The tight memory requirements place a number of 
restrictions on the system Which Will be counter-intuitive to 
those Working on desktop or server virtual machines. These 
issues arise both in the allocation strategy and in the garbage 
collection methodology. 

[0016] First of all, inlining the allocation sequence is only 
done if the inlined code is (statically) shorter than the 
save/call/restore code sequence, since inlining Would other 
Wise lead to signi?cant code expansion. 

[0017] Secondly, many popular free space organization 
schemes are unacceptable due to their high rate of fragmen 
tation. Examples include binary buddy and systems that 
compose all objects out of a single small block siZe. The 
latter eliminate all external fragmentation at the expense of 
greatly increased internal fragmentation as Well as increased 
access times, especially for array elements. 

[0018] Other unfamiliar issues that arise in the embedded 
domain are the use of physical rather than virtually 
addressed memory, Which makes a number of implementa 
tion techniques impossible; various types of segmented 
memory architectures, either due to the small architected 
Word siZe of the processor, or to blocked allocation of 
non-virtual memory by the operating system; differing levels 
of memory performance (SRAM, DRAM, ?ash, etc.); and 
the requirement to reduce poWer consumption. 

[0019] One author has evaluated the poWer consumption 
properties of different parts of memory in an embedded Java 
virtual machine (JV M), and discussed the collection strate 
gies to minimize poWer consumption, particularly in a 
banked memory system Where banks can be poWered on and 
off individually. In subsequent Work, the author used 
dynamic compression techniques to reduce the memory 
requirements of the application. 

[0020] The author used tWo strategies: ?rst, When heap 
space is exhausted, compression Was performed on infre 
quently accessed objects. Second, allocating infrequently 
used ?elds of objects Was avoided. 

[0021] In the period from the early 1960’s to the mid 
l970’s, Lisp systems ran With similar amounts of real 
memory as are available in today’s smaller embedded envi 
ronments, and there is therefore considerable related Work 
from this time period. 

[0022] HoWever, signi?cant amounts of this pioneering 
Work Was driven by the desire to reduce paging. The 
semi-space copying collectors Were a response to this pres 
sure. 

[0023] Garbage collection in many early Lisp systems Was 
considerably simpli?ed by virtue of the fact that all memory 
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consisted of CONS cells, Which are of a uniform size. This 
assumption Was also implicit in the design of Baker’s 
Treadmill real-time collector. 

[0024] Another author has advocated an approach to 
eliminating external fragmentation in systems With variable 
object siZes: there is a single block siZe (32 or 64 bytes) and 
all objects larger than that siZe are made up of multiple 
blocks Which are not necessarily contiguous. Arrays are 
represented as trees. 

[0025] There are tWo major problems With this approach: 
the ?rst is that it simply trades external for internal frag 
mentation, Which can easily reach 50%. Second, access to 
large objects becomes expensiveiin particular, array ele 
ment access, normally an indexed load instruction, becomes 
a tree Walk operation. Performance overheads can therefore 
be very large. 

[0026] A number of variations of region-based memory 
management have been tried. While automatically inferred 
regions can reduce the load on the garbage collector, they 
can not satisfactorily handle objects that have lifetimes that 
are not stack-like. Explicit regions signi?cantly complicate 
the programming model, lead to brittle code, and expose 
more run-time errors. We have shoWn that garbage collec 
tion can run in constrained memory With good performance, 
obviating many of the reasons for using regions. 

[0027] Still another author has claimed that fragmentation 
is not a “real World” problem and that it is feasible to build 
non-compacting collectors. HoWever, the authors’s mea 
surements are for unrealistically short-lived programs. 

[0028] Much of the Work on real-time garbage collection 
overlaps in its concerns With pure embedded collection, 
although the real-time concerns often lead to reduced 
throughput and increased complexity. 

[0029] For real-time or embedded systems, it is very 
important to be able to knoW the memory requirements of a 
given application. One approach is to analyZe the live 
memory requirements using a combination of programmer 
annotation of pointer types and recursion depths, and auto 
matic analysis. 

SUMMARY OF THE INVENTION 

[0030] In vieW of the foregoing and other problems, 
disadvantages, and draWbacks of the aforementioned sys 
tems and methods, it is a purpose of the exemplary aspects 
of the present invention to provide a system, method and 
program for representation of objects Which is more space 
ef?cient than conventional systems, methods and programs. 

[0031] The exemplary aspects of the present invention 
includes a system including a processor for executing a 
collector program to perform a method (e.g., a method of 
collection). The method includes using an object model 
during a collection phase that is different than an object 
model used during program execution. 

[0032] During the collection phase, a portion of an object 
header may be encoded to enable a forWarding pointer to be 
stored in the object header. Further, a class pointer may be 
encoded during a portion of the collection phase and a space 
Which is made available in a class pointer Word may be used 
to store an encoded forWarding pointer. 
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[0033] In addition, the class pointer may be encoded as an 
index. Speci?cally, the class pointer may be encoded as an 
index into a class page table. 

[0034] The system may also include a memory accessible 
by the processor. The memory may be divided into pages. 
Further, a relocation address of a ?rst live object in each 
page of the memory may be stored in a relocation base table 

(RBT). 
[0035] Further, available header space may be used for 
relocation o?fset. In addition, the relocation address may be 
determined by using a shifted original address of the object 
as an index into the RBT, from Which a relocation base 
address is loaded, the relocation base address being a sum of 
a base address an the offset. 

[0036] The processor may also execute a program to 
perform a method including assigning a hash code to at least 
some objects, and consulting a structure that maintains a 
mapping of objects to hashcode values to determine said 
hashcode for one of said objects. Consulting may be per 
formed When a hashCode( ) method for the one of the 
objects is called. 

[0037] Further, the structure maps an address for the one 
of the objects to a hashcode value for the one of the objects. 
The structure may include a mashtable in Which a hash value 
may be computed based on a current address for the object 
in storage, the hash value being a hash index of the object 
into the mashtable, 

[0038] If an entry is found Whose key is the current 
address of the object, the corresponding value in the mash 
table may be returned as the hashcode for the object, and if 
no entry for the object is found in the mashtable, a key/value 
pair may be inserted Where the key and the value are a 
current address for the object. 

[0039] Further (e.g., after an object is determined to be 
live, and before any object is relocated) the collection may 
be performed on the mashtable such that a reference to a 
dead object is removed, and a key ?eld for a moved object 
may be updated to a neW address and may be relocated in the 
mashtable based on the neW mashcode. 

[0040] Further, no bits in a header of an object encode a 
hashcode state for the object. In addition, one bit in the 
header of the object may encode Whether a mashtable entry 
exists for the object. 

[0041] The processor may also execute a program to 
perform a method including storing a class pointer and 
garbage collector state information in a single Word, and 
accessing said class pointer by masking out non-class bits. 
Garbage collector state bits may be represented such that the 
garbage collector state bits comprise 0 When garbage col 
lection is not in progress. Further, the class pointer may be 
accessed Without masking When garbage collection is off 
(e.g., because the non-class bits comprise 0 When the system 
is in that state). 

[0042] Another aspect of the present invention is directed 
to a method (e.g., a method of garbage collection) Which 
includes using an object model during a collection phase that 
is different than an object model used during a program 
execution. In another aspect, the method includes assigning 
a hash code to at least some objects, and consulting a 
structure that maintains a mapping of objects to hashcode 
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values to determine the hashcode for one of the objects. In 
another aspect, the method includes storing a class pointer 
and garbage collector state information in a single Word, and 
accessing the class pointer by masking out non-class bits. 

[0043] Another aspect of the present invention is directed 
to a programmable storage medium tangibly embodying a 
program of machine-readable instructions executable by a 
digital processing apparatus to perform a method of collec 
tion. The method includes using an object model during a 
collection phase that is different than an object model used 
during a program execution. In another aspect, the method 
includes assigning a hash code to at least some objects, and 
consulting a structure that maintains a mapping of objects to 
hashcode values to determine the hashcode for one of the 
objects. In another aspect, the method includes storing a 
class pointer and garbage collector state information in a 
single Word, and accessing the class pointer by masking out 
non-class bits. 

[0044] With its unique and novel features, the present 
invention provides a system, method and program for rep 
resentation of objects Which is more space-ef?cient than 
conventional systems. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0045] The foregoing and other objects, aspects and 
advantages Will be better understood from the folloWing 
detailed description of the embodiments of the invention 
With reference to the draWings, in Which: 

[0046] FIG. 1 illustrates a system 100 (e.g., an embedded 
system) Which includes a processor 110 for executing a 
program to perform a method of collection, according to the 
exemplary aspects of the present invention; 

[0047] FIG. 2 illustrates an exemplary softWare environ 
ment for the system 100, according to the exemplary aspects 
of the present invention. 

[0048] FIG. 3 illustrates a representation of ordinary 
objects and objects With compressed headers (e.g., during 
collection); 
[0049] FIGS. 4A-4E illustrate object models, requiring 
from 4 doWn to 1 Word per object, according to the exem 
plary aspects of the present invention; 

[0050] FIG. 5 provides table illustrating programs in the 
Embedded Microprocessor Benchmark Consortium 
(EEMBC) Java GrinderBench suite; 

[0051] FIG. 6 illustrates details of the measurement con 
?gurations for measurements performed by the inventors; 

[0052] FIG. 7 Which provides a table illustrating the effect 
of header compression on heap consumption for header siZes 
from 4 to 1 Words, according to the exemplary aspects of the 
present invention; 

[0053] FIGS. 8A-8F illustrate end-to-end execution time 
(ARM) for measurements performed by the inventors; 

[0054] FIGS. 9A-9F illustrate the end-to-end execution 
time for IA32 for measurements performed by the inventors; 

[0055] FIGS. 10A-10B illustrate performance details on 
the ARM for mutator speed and number of garbage collec 
tions for measurements performed by the inventors; 
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[0056] FIGS. 11A-11B illustrate collector phase times on 
the ARM for mark-compact and paged mark-sWeep collec 
tors for measurements performed by the inventors; 

[0057] FIG. 12 is a graph plotting allocation vs. live data 
in kXLM (?rst 100 collections), for measurements per 
formed by the inventors; 

[0058] FIG. 13 is a ?owchart illustrating a method 1300 
of collection in a system (e.g., an embedded system), 
according to the exemplary aspects of the present invention; 

[0059] FIG. 14, illustrates a typical hardWare con?gura 
tion 1400 Which may be used to implement the exemplary 
aspects of the present invention; 

[0060] FIG. 15 illustrates an exemplary programmable 
storage medium tangibly embodying a program of machine 
readable instructions executable by a digital processing 
apparatus to perform a method of collection, according to 
the exemplary aspects of the present invention. 

DETAILED DESCRIPTION OF THE 
EXEMPLARY EMBODIMENTS OF THE 

INVENTION 

[0061] Referring noW to the draWings, FIG. 1 illustrates 
an system 100 Which includes a processor 110 for executing 
a collector program to perform a method (e.g., a method of 
collection). The method includes using an object model 
during a collection phase that is different than an object 
model used during program execution. 

[0062] The processor 10 may also execute a program to 
perform a method including assigning a hash code to at least 
some objects, and consulting a structure that maintains a 
mapping of objects to hashcode values to determine said 
hashcode for one of said objects. Consulting may be per 
formed When a hashCode( ) method for the one of the 
objects is called. 

[0063] The processor 110 may also execute a program to 
perform a method including storing a class pointer and 
garbage collector state information in a single Word, and 
accessing said class pointer by masking out non-class bits. 
Garbage collector state bits may be represented such that the 
garbage collector state bits comprise 0 When garbage col 
lection is not in progress. Further, the class pointer may be 
accessed Without masking When garbage collection is off 
(e.g., because the non-class bits comprise 0 When the system 
is in that state). 

[0064] FIG. 2 illustrates an exemplary softWare environ 
ment for the system 100 according to the exemplary aspects 
of the present invention. The processor 110 may be coupled 
to a memory 120 as Well as to several inputs and outputs. 
Further, a user may input data (e.g., information) to the 
system 100 (e.g., processor 110) by using an input device 
121 such as a keypad. Information may be transmitted (e. g., 
Wirelessly transmitted) betWeen the system 100 and other 
systems via netWork 125 (e.g., a local area netWork (LAN), 
Internet, etc.). 
[0065] Information may also be transmitted (e.g., Wire 
lessly transmitted) by the system 100 (e.g., processor 110) to 
and from mass storage 130 (e.g., database). The processor 
110 may also output display data to a display 135. The 
memory 120 may include, for example, a Java Virtual 
Machine (JVM) execution module 140 Which is con?gured 
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to execute program code on the processor 110, e.g., one or 
more program threads 142, as Well as a collector thread 144 
that is used to deallocate unused data stored in an object 
heap 146. Collector thread 144 may also utilize a plurality 
of data structures 148 during its operation. 

[0066] The execution module 140 may be resident as a 
component of the operating system of system 100, or in the 
alternative, may be implemented as a separate application 
that executes on top of an operating system. Furthermore, 
any of execution module 140, program thread 142, collector 
thread 144, object heap 146 and collector data structures 148 
may, at different times, be resident in Whole or in part in any 
of memory 120, mass storage 130, netWork 125, or Within 
registers and/or caches in processor 110. 

[0067] Security concerns on embedded devices like cel 
lular phones make Java an extremely attractive technology 
for providing third-party and user-doWnloadable function 
ality. HoWever, collector programs (e.g., “garbage collec 
tors” or “collectors”) have typically required several times 
the maximum live data set size (Which is the minimum 
possible heap size) in order to run Well. In addition, the size 
of the virtual machine (read only memory (ROM)) image 
and the size of the collector’s data structures (metadata) 
have not been a concern for server- or Workstation-oriented 

collectors. 

[0068] The inventors have implemented tWo different col 
lectors speci?cally designed to operate Well on embedded 
systems (e.g., small embedded devices). The inventors have 
also developed a number of algorithmic improvements and 
compression techniques that alloW the elimination (e.g., 
substantial elimination) of all of the per-object overhead that 
the virtual machine and the garbage collector require. These 
optimizations and present measurements of the Java embed 
ded benchmarks (EEMBC) of the inventors’ implementa 
tions on both an IA32 laptop and an ARM-based PDA are 
described hereinbeloW. 

[0069] The inventors have implemented the present inven 
tion in collectors in Which, for applications With loW to 
moderate allocation rates, the optimized collector running 
on the ARM Was able to achieve 85% of peak performance 
With only 1.05 to 1.3 times the absolute minimum heap size. 
For applications With high allocation rates, the collector 
achieved 85% of peak performance With 1.75 to 2.5 times 
the minimum heap size. The collector code took up 40 KB 
of ROM, and collector metadata overhead Was almost com 
pletely eliminated, consuming only 0.4% of the heap. 

[0070] Speci?cally, the inventors have constructed gar 
bage collectors (e.g., non-real-time garbage collectors) for 
IBM’s Java 2 Micro Edition (J2ME) virtual machine for the 
IBM WebSphere Micro Environment. Several variants of 
tWo “microcollectors” Were implemented by the inventors 
and several different object models for J2ME Were imple 
mented in order to explore the design space of collectors that 
meet the requirements of garbage collectors in embedded 
systems. 

[0071] While some implementation details are speci?c to 
a virtual machine architecture, the techniques present here 
inbeloW are applicable to most virtual machines. Speci? 
cally, some of the object model optimizations are speci?c to 
Java, but many are applicable to other garbage-collected 
languages. 
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[0072] Other unfamiliar issues that arise in the embedded 
domain are the use of physical rather than virtually 
addressed memory, Which makes a number of implementa 
tion techniques impossible; various types of segmented 
memory architectures, either due to the small architected 
Word size of the processor, or to blocked allocation of 
non-virtual memory by the operating system; differing levels 
of memory performance (SRAM, DRAM, ?ash, etc.); and 
the requirement to reduce poWer consumption. 

The Mark-Compact Collector 

[0073] Embedded systems have tight memory require 
ments and applications are often long-running. Therefore, it 
is important (e.g., absolutely essential) to be able to place a 
tight bound on memory loss due to fragmentation. This can 
not be done Without compaction (or some other technique 
Which moves objects). 

[0074] The present invention may include a mark-compact 
collector Which is based on the original mark-compact 
algorithm. The collector allocates linearly until the heap is 
exhausted and then compacts by sliding objects “to the left” 
(toWards loW memory). It therefore tends to preserve (or 
even improve) locality, and fragmentation is eliminated 
completely on every collection. 

[0075] As in a semi-space copying collector, allocation is 
very fast: a simple bump pointer and range check. This 
allocation sequence has the advantage that it is short enough 
to consider inlining, although in the inventors’ JVM, a 
hand-coded, but out-of-line, allocation sequence Was used. 

[0076] HoWever, note that on platforms that present a 
segmented, nonvirtual memory interface (such as PalmOS 
7), fragmentation at the end of segments becomes an issue 
that must be addressed. 

Compaction and Its Optimizations 

[0077] Referring again to the draWings, FIG. 3 illustrates 
a representation of ordinary objects and objects With com 
pressed headers (e.g., during collection). 

[0078] Speci?cally, in the exemplary aspects of the 
present invention, the collector program (e.g., a sliding 
compaction algorithm) may require four (4) phases: 

[0079] 1. Mark: Traverse the object graph beginning at the 
roots, marking each object encountered as live; 

[0080] 2. SWeep: Scan memory sequentially, looking for 
dead objects and coalescing them into contiguous free 
chunks. Compute the neW address for each object and store 
a forWarding pointer in the object; 

[0081] 3. Forward: Change all object pointers to point to 
the forWarded value as determined by the SWeep phase; and 

[0082] 4. Compact: From left to right, move objects to 
their neW locations. 

[0083] Typically, the SWeep phase is the most expensive 
since it needs to scan all of memory, While the other phases 
are proportional to the live data. The Mark and ForWard 
phases are typically similar in cost, since they both essen 
tially traverse the live objects and examine each ?eld. The 
Compact phase is the fastest since it does not look inside 
objects, but just copies them a Word at a time. Although the 
ForWard and Compact phases scan the heap linearly, their 
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costs are proportional to only the live objects since the 
previous Sweep phase has coalesced adjacent dead objects 
into contiguous free chunks. 

[0084] It is in fact fairly straightforward to reduce by one 
the number of collection phases, a result which the inventors 
were not able to ?nd in the published literature. The result 
is, therefore, presented here. 

[0085] The inventors have observed that during the sweep 
phase, when an object is encountered, the forwarded 
addresses of objects to its left have already been computed. 
Therefore, each pointer in the object may be examined in 
turn, and if the pointer points to the left, the pointer is 
replaced with the forwarded version stored with the desti 
nation object. If it points to the right, it is left unchanged. 

[0086] The Forward phase can, thus, be omitted entirely. 
The Compaction phase is extended so that before moving an 
object (by sliding it to the left) each pointer is examined in 
turn, and if the pointer points to the right, it is known (a) that 
it was not forwarded in the previous pass, and (b) that the 
forwarding pointer is still available. Therefore, exactly those 
pointers are forwarded. 

[0087] The result is an algorithm that traverses the heap 3 
times instead of 4, which would seem to result in a lower 
load on the memory subsystem. However, the inventors have 
found in practice that it makes almost no difference, and in 
fact tends to slightly slow down some programs. The reason 
is that there are now two passes that examine pointers in 
each object for forwarding. To do this they must look at the 
target of the pointer, which results in a random access 
pattern. Thus, it appears that two sequential passes over live 
memory cost about the same as one pass with random 
access. The reason is that the pointers in each object are 
looked through an extra time, and this is an expensive 
operation. By having a separate Forward phase, although the 
live objects are scanned an additional time, scanning the 
pointers in the object a second time is avoided. Since there 
are fewer objects than pointers, the extra phase wins. 

[0088] Therefore, the inventors did not further consider 
this optimiZation, although it may give important perfor 
mance bene?ts in systems with different languages, memory 
technologies, etc. 

Forwarding Pointer Elimination 

[0089] The compaction algorithm may require an extra 
forwarding pointer at the beginning of every object since, 
unlike a copying collector, the forwarding pointer cannot 
overlay any data or header ?elds. Due to the memory 
constrained nature of embedded devices, it is desirable to 
avoid paying this space cost, without requiring any extra 
passes over the heap. 

[0090] The present invention may avoid the space cost for 
compaction by encoding the class pointer during the com 
paction phase, and then using the space made available in 
the class pointer word to store a compressed forwarding 
pointer. 

[0091] Instead of a class pointer, the present invention 
may use a class index (e.g., a 14-bit class index, allowing for 
16,383 classes). To avoid the need for a large class index 
table (which would consume 64 KB), the class table may be 
divided into pages (e.g., 1 KB pages, each containing 256 
class pointers). The class page table (CPT) contains pointers 

Apr. 20, 2006 

to the class pages. The CPT only requires 64 entries or 256 
bytes. The loss of space due to internal fragmentation in the 
last class page may be at most 1 KB, and only 512 bytes on 
average. 

[0092] The class index (e.g., the 14-bit class index) may be 
sub-divided into a 6-bit class page table index and an 8-bit 
class page offset. To reduce the overhead of CPT lookups, a 
single-element cache of the last lookup value may be used. 

[0093] Each class object should also contain its 14-bit 
class index (stored in a half-word). Thus, the total overhead 
is 1.5 words per class plus 256 bytes plus 0-1020 bytes lost 
to internal fragmentation. 

[0094] Further, class pointers are converted into class 
indices during the Forward phase, and are converted back 
into class pointers during the Compact phase. 

[0095] The reason that traditional compaction requires an 
extra word per object is that a relocation address is computed 
for each object. Since space in the header word has been 
freed by encoding the class pointer with an index, a sub 
word is available to represent the relocation address. How 
ever, that relocation address should be encoded as well, 
since there is not enough space for a full-width relocation 
pointer. 
[0096] The inventors observed that sliding compaction has 
the property that the relocation addresses of successive 
objects in memory increase monotonically. Therefore, for 
any region of memory of siZe s, as long as objects do not 
increase in siZe during relocation, the relocation address can 
be represented as the relocation address of the ?rst object in 
the region plus an offset in the range [0, s). 

[0097] There are two potential sources of object expan 
sion. One is the additional word associated with the hash 
code, which was eliminated with the use of the hash nursery. 
The other includes alignment requirements: an arbitrary 
number of objects may have been correctly aligned with no 
padding necessary at their original addresses, whereas their 
target addresses are misaligned. This can lead to a relocated 
region actually growing in siZe. 

[0098] However, there is always a schedule of relocations 
that eliminates such mis-alignment. In particular, it is suf 
?cient to align the ?rst object in the page to the same 
alignment that it had in its original location. This is always 
possible, since if there is no space left to align it, it should 
be able to be placed in exactly the same relative position. 
Preserving the alignment of the ?rst object may guarantee 
that there will be no subsequent growth within the memory 
region due to alignment changes. 

[0099] Therefore, the memory may be divided into pages 
(e.g., 128 KB pages), and a relocation base table (RBT) 
which contains the relocation address of the ?rst live object 
is in each page. Then, 15 bits in the header word (now 
available due to class pointer encoding) may be used for the 
relocation offset (e.g., 15 bits encode 32 KW or 128 KB of 
shift). The RBT is allocated at startup time based on the 
maximum heap siZe. For example, on a system with 16 MB 
of memory, the RBT contains 128 entries, which consume 
512 bytes. This may be the only space overhead for reloca 
tion. 

[0100] To determine the relocation address of an object, 
the object’s (shifted) original address is used as an index into 


















